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The composition and mode of attachment of Cu(II) complexes
t the g-Al2O3–water interface in suspensions containing a simple
mino acid (glutamate) were characterized with EXAFS and
TIR spectroscopies. The spectroscopic results indicate that two

ypes of Cu(II)–glutamate–alumina interactions are primarily re-
ponsible for Cu(II) and glutamate uptake between pH 4 and 9. In
cidic suspensions of alumina, glutamate forms a bridge between
u(II) ions and the (hydr)oxide surface (Type B complex). In this
ype B surface complex, Cu(II) is bonded to amino acid head-
roups (i.e., 1H3NCHRCOO2) of two glutamate molecules. Spec-
roscopic and ionic strength dependent uptake results are com-
ined to propose that the nonbonded side chain carboxylate
roups of this complex are attracted to the oxide surface through
ong-range forces, leading to enhanced Cu(II) uptake relative to
he glutamate-free system. In alkaline suspensions the relative
mount of surface-bound Cu(II) complexed by glutamate de-
reases, and a direct Cu(II)–surface bond becomes the dominant
ode of attachment (Type A complex). These surface complexes

iffer markedly from the species found in the alumina-free Cu(II)–
lutamate aqueous system under similar solution conditions,
here Cu(H2O)6

21 and Cu(glutamate)2
22 are the dominant species

n acidic and alkaline solutions, respectively. Based on these spec-
roscopic results, surface complexation reactions are proposed for
he Cu(II) and glutamate ternary interactions with the alumina
urface in this system. Similarities between the results of this study
nd Cu(II) uptake behavior and complexation in the presence of
atural organic material (NOM) indicate that Cu(II)–glutamate

nteractions mimic those in more complex Cu(II)–NOM–mineral–
ater systems. © 1999 Academic Press

Key Words: adsorption; infrared spectroscopy; EXAFS spectros-
opy; glutamate; copper(II); g-Al2O3; ternary surface complex.

INTRODUCTION

Cu(II) is essential for many enzyme functions in pla
nimals, and humans (1, 2). However, slightly elevated C
oncentrations as a result of contamination from mine tai

1 To whom correspondence should be addressed.
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ffluent, agricultural runoff, or industrial and public waste
er discharge may be toxic to plants and animals in marine
resh water ecosystems (3, 4). Reactions occurring at m
hydr)oxide–water interfaces often control the dissolved
entration of Cu(II), and therefore its (bio)availability a
oxicity in the surface and ground waters of these ecosys

number of past studies have used both macroscopic
pectroscopic measurements of Cu(II) interactions
hydr)oxide surfaces in simplified laboratory systems to
elop predictive models of Cu(II) concentration and specia
n natural waters. However, models developed based on
lified systems may not adequately represent Cu(II) upta
atural systems because the latter often contain organic m

hat can significantly alter interactions between Cu(II)
hydr)oxide surfaces (5, 6). This natural organic matter (NO
anges from high molecular weight humic substances to si
ultifunctional organic molecules, and is present in waste

er and soil–water systems as dissolved species, colloida
erial, and coatings on Al- and Fe-(hydr)oxides (7). In th
ystems, NOM may interact directly with either met
hydr)oxide surfaces or dissolved metal ions and thereby
etal ion uptake. By bonding to metal–(hydr)oxide surf

unctional groups, organic molecules can block sorption
r enhance dissolution rates (8). In addition, by virtue o
ultiple functional groups, NOM may interact with metal io
nd surface functional groups simultaneously, leading to
redictable effects on uptake. The polyfunctional and stru
lly labile character of NOM makes it difficult to probe the
omplex Cu(II)–organic-surface interactions with conv
ional spectroscopic methods. Thus, to develop the molec
evel mechanistic understanding required to predict Cu(II)
entrations in environmentally relevant systems, we must
impler organic compound that has functional groups re
entative of NOM and is amenable to spectroscopic anal
In this study we have chosen glutamic acid as a surroga
OM because it contains one amine and two carboxyl f

ional groups. These functional groups are common con
nts of NOM (9), complex strongly with Cu(II), and inter
0021-9797/99 $30.00
Copyright © 1999 by Academic Press
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134 FITTS ET AL.
ith Al- and Fe-(hydr)oxide surfaces. Importantly, unlike s
le organic molecules (e.g., salicylic acid) whose functio
roups interact directly with either the metal–(hydr)oxide

ace or a dissolved metal ion, glutamate’s functional group
ufficiently distant to permit one group to complex Cu
hile another may interact directly with the metal–(hydr)ox
urface (Fig. 1). Thus the range of possible interactions am
lutamate, Cu(II), and metal-(hydr)oxide surfaces is simila

hose in natural systems. Furthermore, Davis (10) rep
esults of Cu(II) uptake by colloidal aluminum hydroxide in
resence of NOM extracted from lake water that closely
emble Cu(II) uptake in the presence of glutamate.
In macroscopic batch experiments, glutamate enha
u(II) uptake by Al- and Fe-(hydr)oxides in acidic suspens
nd inhibits uptake in alkaline suspensions (11–13). Davis
eckie (13) concluded that simple competition between
II)–(hydr)oxide surface complexation and Cu(II)–glutam
omplexation in solution is not sufficient to describe Cu
ptake in this system. Although they proposed mechan

hat may be responsible for the modified uptake behavior
ode of sorption cannot be determined directly without s

roscopic information.
Spectroscopic studies can reveal both the stoichiometr

he distribution of Cu(II)–glutamate surface complexes.
xample, an electron spin resonance (ESR) spectroscopic
as used to infer that Cu(II) at an Al-hydroxide surface
redominantly chelated by the amine and neighboring carb

unctional groups of two glutamate molecules in acidic
ensions and a single glutamate molecule in alkaline su
ions (11). These data provide indirect constraints on
umber of Cu(II) bonds and glutamate functional groups

FIG. 1. Schematic atomic structure of Cu(glutamate)2
22 complex in solut

-carboxylate, andg-carboxylate functional groups of glutamate are labele
xygen (Cu–Od) single scattering paths (dashed lines) and linear (MS1)
pectra are discussed in the text.
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re free to interact with the surface. However, because
nterpretation normally relies on a comparison of spectra
ameters between unknown and model systems, direct
ation about the coordination environment of Cu(II) in

ystem is not available. In addition, the ESR results do
rovide any information about the nature of the interac
etween glutamate and the oxide surface.
Cu(II)–glutamate surface complexes may be class

ased on two types of interactions, of which either or b
rrangements of the complex could be present at the m
hydr)oxide–water interface. Type A ternary surface c
lexes interact with the surface through Cu(II), while Typ
urface complexes interact with the surface through gluta
unctional groups (14). The ternary surface complex may b
he inner-sphere type which involves the formation of chem
onds with the metal–(hydr)oxide surface, and the stabili

hese complexes depends on the strength of the bond
urface. Ternary complexes may also attach to the surfac
n outer-sphere mode, in which case the bonding is ele
tatic, hydrogen, or hydrophobic, and their uptake beha
ay be sensitive to changes in the concentration of

pecies.
A combination of extended X-ray absorption fine struc

EXAFS) and Fourier transform infrared (FTIR) spectros
ies are well-suited for probing the structure and bondin
ilute metals and organic molecules in water-saturated
les. EXAFS spectra contain information about the dista
R), coordination numbers (N), and identity of first, secon
nd third atomic shells located within a 5 Å radius of Cu(II).
ecause the protonation state and complexation (i.e., ch
ally bonded to Al31 or Cu21) of carboxyl and amino function

based on ESR (11), IR, and XAS (this study) spectroscopic results.a-Amino,
he equatorial oxygen (Cu–Oeq), chelate carbon (Cu–C), and nonbondeda-carboxyl

d interequatorial (MS2) multiple scattering paths (dotted lines) used to
ion,
d. T
an
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135ADSORPTION OF Cu–GLUTAMATE COMPLEXES ON ALUMINA
roups have characteristic vibrational frequencies, FTIR
ides information about the coordination and bonding of
amate’s functional groups.

The objectives of this study are to use spectroscopic o
ations to develop a set of reactions that account for C
ptake ong-Al 2O3 in the presence of glutamate and to as

he chemical forces that bind Cu(II)–glutamate complexe
he g-Al 2O3–water interface. We find from EXAFS and FT
esults that a 1-to-2 Cu(II)–glutamate Type B ternary sur
omplex is the predominant surface species in acidic su
ions. We infer from FTIR and macroscopic uptake meas
ents that long-range forces are primarily responsible
inding this complex at the Al–(hydr)oxide–water interface

ncreasingly alkaline suspensions, a 1-to-1 Cu(II)–glutam
nner-sphere Type A ternary surface complex becomes
ominant surface species. These results demonstrate

undamental understanding of Cu(II) uptake in this simpli
aboratory system is an essential step toward building pr
ive models of Cu(II) mobility in surface and ground wa
ystems containing more complex organic compounds.

EXPERIMENTAL

aterials

Theg-Al 2O3 powder was purchased from Degussa unde
rand name Aluminum Oxide C. The manufacturer repo

he purity (99.6%), surface area (N2 BET 1006 15 m2/g), and
verage particle diameter (;13 nm). Surface impurities (.0.05
mol/m2) were not detected by X-ray photoelectron spect
opy using a Surface Science S-Probe spectrometer
onochromatic AlKa X-rays and a hemispherical mirror ele

ron energy analyzer. Therefore, the prereacted powder
ssumed to be pureg-Al 2O3, and no cleaning or heat treatm
as attempted. Theg-Al 2O3 was prerinsed with a 0.1 M
aCl/NaNO3 solution for 24 h prior to reaction with a met
earing solution in order to swamp the surface with the ch
lectrolyte and hydrolyze surface functional groups. A diff
eflectance FTIR study demonstrated thatg-Al 2O3 is not stable
n aqueous suspensions, and a transformation to a bayerit
hase (b-Al(OH)3) occurs at the surface (15). Therefore,
ssume that near-surface Al31 atoms are present in octahed
oordination by amphoteric oxygen atoms (i.e., oxygen a
onded to zero, one, or two hydrogen atoms) rather than
ombination of octahedral and tetrahedral coordination a
urs in bulkg-Al 2O3. We refer to these oxygen atoms expo
t the surface prior to reaction as surface functional group

o the rinsedg-Al 2O3 powder as alumina.
A 0.1 M Cu(NO3)2 solution standard from Orion was used

he source of Cu(II) for uptake experiments and EXAFS s
le preparation. Samples for FTIR studies were prepared
Cu(NO3)2–9H2O salt (obtained from Fluka). Solutions co

aining glutamic acid were prepared by dissolving its mon
ium salt (obtained from Alpha). All solutions were prepa
o-
-

r-
I)
s

at

e
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e-
r

te
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ith filtered, doubly deionized water, which had been strip
f dissolved CO2 either by boiling under a N2 atmosphere or b
onstant sparging with argon. Solutions containing both C
nd glutamic acid were stored in opaque bottles to a
hotocatalyzed degradation. Solutions were kept for no lo

han a month. All salts and standard solutions were rea
rade or better.

ptake Studies and Sample Preparation

Exposure to CO2 was minimized either by sparging t
ample with humidified Ar (FTIR experiments) or by prepar
he sample in a low CO2 (,1027 atm) glove box environme
uptake and EXAFS experiments). FTIR measurements
rmed that relative to samples prepared in ambient atmos
oth methods successfully purged CO2 from the system.
A batch of alumina for uptake experiments was prepare

esuspending 10 g/liter of the prerinsed alumina in a 0.
aNO3 solution. While the suspension was vigorously stir
5-ml aliquot was removed with a pipette and transferred
polypropylene bottle. The delivery method was calibrate

nsure that each sample contained 625 m2/liter of alumina
urface. An accuracy of 5% was estimated by measurin
ry weight of sequential 5-ml aliquots. Samples were adju

o pH 4.5 by adding 65ml of 0.1 M HNO3. After the sample
ere equilibrated for 2 h, an aliquot of a stock solution c

aining Cu(II) and/or glutamate was added along with a
etermined amount of HNO3 or NaOH. Additional electrolyt
olution was added to achieve an 8-ml final volume before
ottle was capped and placed on an end-over-end rotator.
4 h, the pH of the suspension was measured, and aliquo
u(II) and glutamate analysis were passed through a 0.mm
lter (VWR) in order to remove residual alumina colloids.
Cu(II) concentrations were measured with a Perkin–E

000 Flame and Graphite Furnace Atomic Absorption S
rometer. Uniformly labeled (C-14) glutamic acid (Sigma) w
easured using a Hewlett–Packard liquid scintillation cou
he amount of a component associated with the alumina

ace (i.e., uptake) was taken to be the difference betwee
otal analyzed concentration of a constituent in a sample
ut alumina present (blank) and the concentration analyz

he filtered supernatant. Surface coverage was normaliz
urface area and is reported in units ofmmol/m2.
Samples for spectroscopic studies were prepared by

ending 625 m2/liter of the prerinsed alumina in 50 ml of a 0
NaNO3 solution. Suspensions were adjusted to pH 4.5

0-ml aliquots of 0.1 N HNO3. A 5-ml aliquot of a Cu(II)
lutamate, or Cu(II)–glutamate stock solution was added
h of equilibration at pH 4.5. The suspension pH was

djusted to the final pH with 20-ml aliquots of 0.1 or 0.05 N
ow-carbonate NaOH. After a 24-h equilibration period on
nd-over-end rotator, the samples were centrifuged at 18k

or 15 min. (Beckman), and an aliquot of each supernatan
assed through a 0.2-mm filter in order to quantify Cu(II
ptake using the method described above.
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136 FITTS ET AL.
FTIR samples were prepared with Cl2 as the backgroun
lectrolyte in order to avoid spectral interference from
tretching mode of the nitrate ion. A series of duplicate up
oints measured in solutions with NaCl as the suppo
lectrolyte demonstrated that under the solution condition

his study the extent of glutamate and Cu(II) uptake on alum
s independent of whether NO3

2 or Cl2 is the counter ion
amples prepared for FTIR measurements were trans
irectly from the reaction vessel into the sample cell, whe
amples prepared for EXAFS analysis were deposited on
aper to wick away excess supernatant prior to sealing th
aste into a Teflon sample holder with mylar tape.
ounted sample was wrapped in wet paper towels and do
agged while in the N2 atmosphere, for transfer to the exp

mental station where spectroscopic measurements were
ormed.

TIR Experimental Procedure and Data Analysis

Infrared spectra were recorded with a Perkin–Elmer S
rum 2000 FTIR spectrometer equipped with a liquid N2 cooled
CT (mercury cadmium telluride) detector. The solid a

olution samples were analyzed by the attenuated total r
ance (ATR) technique using a Perkin–Elmer horizontal A
TR crystal mounted with the incidence angle of light fixed
5°. The sample bench was open to ambient atmosphere
ample cover was used to flow humidified N2 above the samp
uring data collection to exclude CO2 and reduce evaporatio
olution samples were equilibrated on the bench-top b
eing transferred to the ATR-cell by dropwise addition
pproximately 3 ml of solution. The supernatant of each s

ion sample was loaded into the cell, and 4000 scans
ollected over a range of 600 to 8000 cm21. The average
pectrum was required for background subtraction and sh
he absence of glutamate vibrational modes, which confir
hat aqueous glutamate did not contribute to the signal. Th
aste was spread onto the ATR-cell with a spatula, and

ional supernatant was applied to prevent drying. The F
ata were collected with a resolution of 4 cm21.
The unprocessed FTIR spectra contain regions of s

ibrational and rotational bands from water in the sample
he air path, and broad absorption bands of Al–O(OH) gro
f the alumina substrate (spectra not shown). We will dis
nly the vibrational frequencies of glutamate located betw
800 and 1300 cm21. Spectral features of glutamate functio
roups in this region were isolated using a three-step sub

ion method. The spectra of the supernatant, a suspens
lumina, and a blank were sequentially subtracted to rem
ontributions from interstitial water, the alumina surface,
tmospheric water, respectively. The vibrational spectru

he alumina suspension does not change as a function of
he spectral region of interest (spectra not shown); there
he same background spectrum was used for all of the sor
amples. Spectral subtraction and fitting were conducted
e
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rams/32 V5 (Galactic Industries) data analysis software
rational modes were identified and described by fitting
pectra with a series of Gaussian functions. Peak posi
ull-width at half-maximum (FWHM), and peak height we
aried during fits of the processed data.

XAFS Experimental Procedure and Data Analysis

Cu K-edge EXAFS data were collected at the Stan
ynchrotron Radiation Laboratory on wiggler beam line I
ith the storage ring operating at 3.0 GeV and electron

ents between 40 and 100 mA. The resolution achievable
Si(220) (f 5 0°) double-crystal monochromator was e
ated to be 3 eV at the CuK-edge (;8980.3 eV). Higher orde
armonics in the incoming beam were excluded by detu

he monochromator (,25%) and inserting a Pt-coated h
onic rejection mirror downstream from the monochroma
odel compound data were collected in transmission m
ith the sample perpendicular to the beam. CuKa fluorescenc

rom solution and sorption samples was collected with
ample at a 45° angle to the beam using either a 13-ele
olid state Ge detector (Canberra) or a Stern–Heald-typ
ector (16) with Ag-coated Sollar slits, Ar gas in the
hamber, and an Ni filter to minimize elastically scatte
-rays.
Energy calibration was monitored during each energy
ith a Cu–metal foil located downstream from the sample.
rst inflection point of theK-edge of the Cu–metal foil wa
ssigned as 8980.3 eV. EXAFS spectra were collected ov
nergy range 8.7 to 10 keV. When the data was converted
nergy tok-space (k 5 2me(E 2 E0)/h

2, whereme is the mas
f the electron,E is the energy,E0 is the energy atk 5 0, and
is Planck’s constant),E0 was defined as 9000 eV. Two

our scans for model compounds and 8 to 16 scans for sol
nd sorption samples were collected out to 14 Å21 in k-space
eam-induced changes in the oxidation state or coordin
nvironment of Cu(II) were not observed for any of the s
les.
Averaging, normalization, and background subtraction

he raw data were performed with EXAFSPAK (17). Initia
he k3-weighted EXAFS spectra of the model compou
u(II)–hydroxide, Cu(II)–acetate, dioptase (Cu6(Si6O18)
H2O), Cu(II)–glutamate were fit (k-range5 3–12 Å21) with
hase and amplitude functions generated by FEFF7 (18). T
ts were used to test the theoretical phase and amp
unctions. Least-squares fits of the EXAFS and the Fou
ltered EXAFS of each shell were used to determine value
oordination number (N) and distance (R). The fixed values o
he Debye–Waller parameter (s2) and the accuracy of oth
arameters varied during the least-squares fits of solution
orption samples (N 6 10%,R 6 0.01 Å first-shell, andN 6
0%, R 6 0.02 Å for more distant shells) were derived fr
comparison of the fitted parameters of the model compo
ith interatomic distances and coordination numbers rep
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137ADSORPTION OF Cu–GLUTAMATE COMPLEXES ON ALUMINA
n X-ray diffraction refinements of the structures of Cu(I
ydroxide (19), Cu(II)–acetate (20), Cu(II)–glutamate (2
nd dioptase (22).

RESULTS AND DISCUSSION

u(II)–Glutamate Uptake

Cu(II) and glutamate uptake on alumina was measured
unction of pH (4–9) at different Cu(II):glutamate ratios (1
:1, 1:3). The solution speciation of Cu(II) in the presenc
lutamate is shown in Fig. 2A, and the uptake behavior
u(II) and glutamate in the single- and binary-sorbate sys
re compared in Fig. 2B. In the systems with a single adso
omponent, glutamate behaves as an anion with uptak
reasing as pH decreases, and Cu(II) behaves as a catio
ptake increasing as pH increases. When glutamate is p

n a threefold excess of Cu(II), Cu(II) uptake is enhan
elow pH 5.8 and inhibited above pH 5.8 relative to
lutamate-free system. Cu(II) enhances glutamate uptak
lumina by approximately a factor of two over the entire

FIG. 2. (A) Distribution of Cu(II)–glutamate species in solution. (
u(II) uptake in the (1) absence and (2) presence of glutamate, and glu
ptake in the (3) absence and (4) presence of Cu(II). Solution mo
ssuming [Cu]5 0.5 mM, [glutamate]5 1.5 mM, 0.1 M NaNO3, with
onstants from Martell and Smith (51). Suspensions were prepared w
/liter alumina and with initial component concentrations equivalent to t
ssumed in the solution model. The shaded area shows the range of PZC

or g-Al 2O3.
,

a

f
f
s
g

in-
ith

ent
d

on

ange. In addition, based on Fig. 2B, the Cu(II):glutamate
n the alumina surface is approximately 1:2 from pH 4.5 t

n increasingly alkaline suspensions the relative amoun
lutamate on the surface decreases along with Cu(II) up
ntil at pH 8.5 the Cu(II):glutamate ratio on the surface
early 1:1. If we assume that all of the glutamate at the su

s bound to Cu(II), then these results concur with the find
f previous macroscopic and spectroscopic studies (11–13
1-to-2 Cu(II)–glutamate surface complex is the predomi

pecies in acidic suspensions, while a 1-to-1 surface comp
redominant in alkaline suspensions. These surface comp
iffer from the solution species over the same pH ranges
A) in the alumina-free system. Hexaaquo–Cu21 ions and the
-to-1 Cu–glutamate complex are the predominant spec
cidic solutions, whereas the 1-to-2 Cu–glutamate compl

he predominant species in alkaline solutions.
Cu(II) uptake was also measured at pH 7.5 and 5.5 w

:10 Cu(II):glutamate ratio in solution (data not shown).
ominant solution species are the same at pH 7.5 and 5

hey are in the 1:3 Cu(II):glutamate system (Fig. 2A); th
ore, we can indirectly determine if uncomplexed glutam
nfluences the formation of Cu(II)–glutamate surface c
lexes. At pH 7.5, a tenfold excess of glutamate greatly inh
u(II) uptake relative to the 1:3 system. The increased in

ion of Cu(II) uptake suggests that the formation of sur
omplexes in alkaline suspensions depends on the re
oncentration of glutamate in solution. In contrast, increa
he relative glutamate concentration beyond a threefold e
f Cu(II) does not markedly affect Cu(II) uptake at pH 5
his result suggests that uncomplexed glutamate doe
ffect the formation of the 1-to-2 surface complex in ac
uspensions.

Effect of ionic strength. The nature of the interaction b
ween the 1-to-2 Cu–glutamate complex and the alumina
ace can be indirectly characterized by fixing pH and mea
ng uptake as a function of ionic strength. This type

easurement is traditionally used to distinguish between in
nd outer-sphere surface complexes (23). The uptake

nner-sphere complex should be less dependent on elect
oncentration than the uptake of an outer-sphere com
hich is typically highly dependent on ionic strength. Incre

ng the ionic strength will reduce the uptake of negativ
harged species in the presence of a positively charged su
u(II) and glutamate uptake at pH 4.5 and 6.5 decrease

he Cu(II):glutamate ratio on the surface remains consta
:2 as the NaNO3 concentration increases from 0.001 to 0.5
Figs. 3A and 3B). The ionic strength dependence suggest
u(II)–glutamate complexes are present as outer-sphere
lexes in acidic suspensions and implies that Coulombic fo
ontribute to the stability of the surface complex. A lik
lectrostatic contribution could involve the negatively char
ide chain carboxylate groups (g-carboxylate) and the pos
ively charged surface functional groups in acidic suspens

ate
ed

2
e
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pectroscopic measurements described below will pro
ore direct information on the nature of this interaction.

TR-FTIR Spectroscopy

Vibrational spectroscopy can be used to determine wh
he g-carboxyl groups of glutamate chemically bond to
lumina surface. However, we must discuss the vibrat
pectral features of glutamate, Cu(II)–glutamate, and Al–
oxyl species in solution before we can determine how Cu
lutamate species interact with the alumina surface.

Glutamate and Cu(II)–glutamate complexes in aqueou
utions. Vibrational spectra representing three protona
tates of glutamate in solution are shown in Figs. 4a–4c
he peak positions are recorded in Table 1. Thea-amino and
oth carboxyl functional groups are deprotonated at pH 1
he symmetric (ns) and asymmetric (nas) stretching modes o

he two carboxylate groups occur at 1404 and 1556 c21,
espectively (24) (Fig. 4a). When thea-amino group is pro
onated, a resonance is established with the neighboring
oxylate group (a-carboxylate). As a result, thea-carboxylate

FIG. 3. Reduced uptake of Cu(II) and glutamate with increasing Na3
oncentration at (A) pH 4.5 and (B) pH 6.5. Suspensions were prepare
g/liter alumina and with [Cu]5 0.5 mM, [glutamate]5 1.5 mM initially

resent in solution.
e

er

al
r-
–

o-
n
nd

8.

ar-

as band shifts to 1597 cm21, and the symmetric deformatio
ode (d-NH3

1) of the a-amino group appears as a shoulde
522 cm21 (Fig. 4b). At pH 3.3, protonation of the side ch
arboxylate group (g-carboxylate) is complete and the sh
and at 1556 cm21 is replaced by a carbonyl stretch at 17
m21 (Fig. 4c). A spectrum representing the fourth protona
tate (i.e., protonateda-carboxyl group) was not collecte
ecause the Amtir crystal of the ATR-cell is etched by ac
olutions (,pH 4). Therefore, the occurrence of a peak n
718 cm21 indicates protonation of theg-carboxylate group
urthermore, we have demonstrated that throughout th
ange used in this study theg-carboxylatenas band of glutamat
n solution has high and low energy shoulders in the absen
u(II) and Al(III).
The FTIR spectrum of glutamate in the presence of Cu(

H 3.3 (Fig. 4d) is consistent with the solution specia
redicted in Fig. 2A—the shape and position of the vibratio
odes of glutamate do not change in the presence of Cu
H 3.3. At pH 7.5, glutamate is complexed with Cu(II)
olution and thenas band splits into two peaks (1554 and 15
m21). In addition, the band assigned to the symmetricd-NH3

1

eformation mode is absent from the spectrum (Fig. 4e).
ew peak at 1596 cm21 is due to Cu(II) bonding to one oxyg
tom of thea-carboxylate group. This observation is consis
ith Cu(II) displacing a proton from the amino group a

orming a five-atom ring structure with the amino acid he
roup of glutamate. The resulting separation of thenas vibra-

FIG. 4. ATR-FTIR spectra of (a–c) glutamate in solution at pH 10.5,
nd 3.3, and (d, e) Cu(II)–glutamate complexes in solution at pH 3.3 an
he labels of vibrational modes are described in the text.
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139ADSORPTION OF Cu–GLUTAMATE COMPLEXES ON ALUMINA
ional modes of theg- anda-carboxylate groups allowed us
onitor perturbations of theg-carboxylate group. The sha
nd position of this band at 1556 cm21 do not change as

unction of solution pH until the free carboxylate group beg
o protonate below pH 5.5, resulting in the appearance o
arbonyl stretching mode at 1719 cm21. In the following dis-
ussion, we will use the position and shape of these mod
etermine how the free carboxylate groups interact with
lumina surface.

Glutamate protonation at the alumina–water interfa
nitially, we characterized the protonation states and bon
f glutamate sorbed on alumina in the absence of Cu(II)

unction of pH. The vibrational spectra are shown in Fig
he vibrational modes of the amino acid headgroup
-COO2 nas and ns, d-NH3

1) of adsorbed glutamate occur
requencies nearly identical to those observed for glutama
olution. In addition, thenas andns modes of theg-carboxylate
roups of glutamate adsorbed on the alumina surface at p
Fig. 5a) and 5.6 (Fig. 5b) do not shift relative to glutamat
olution. However, when glutamate is adsorbed on alumi
H 4.5, the carbonyl stretch is not present in the spectrum
c), although the carbonyl stretch observed in Fig. 5d at
m21 indicates that theg-carboxylate group begins to proton
n the alumina-free suspensions at pH 5.6. This result sug
hat the interaction between glutamate and the alumina su
nhibits protonation of theg-carboxylate group. We can inf
rom these results that glutamate interacts with the alu
urface predominantly through theg-carboxylate group, an

TAB
Results of Quantitative

Species description pH
a-COO2

nas
a

Glu22 10.8 1556
HGlu12 7.8 1598
H2Glu0 3.3 1601
Glu/g-Al 2O3 4.5 1593

5.6 1593
6.9 1590

[Cu(Glu)2]
22 (aq) 9.5 1596

Cu-Glu/g-Al 2O3 4.5 1596
5.7 1596
6.5 1597
7.8 1599
9.1 1595

(Acetate)2 (aq)f 3.3
Acetate–Al31 (aq)f 4.0
(Acetate)2/g-Al 2O3

f 5–7

Note.All values are reported in wavenumbers (cm21).
a Peak positions ofa- andg-carboxylate (COO2) (see Fig. 1) asymmetri
b Full-width at half maximum (FWHM).
c Difference betweeng-COO2 nas and COO2 ns peak positions (COO2 Dn
d The g-carbonyl stretch frequency is listed, and its occurrence is des
e g-COO nas is not present when theg-COO group is protonated at pH 3
f Data from Ref. (28).
s
e

to
e

.
g
a

.

.,

in

.9
n
at
ig.
9

sts
ce

a

ot the amino acid headgroup. The spectral shifts expecte
uter-sphere and inner-sphere complexation between theg-car-
oxylate group and the alumina surface will be discu
elow.

Type B interactions with alumina.The vibrational spectr
f Cu(II)–glutamate complexes at the alumina–water inter
re shown as a function of pH in Fig. 6. The peak posit
eported in Table 1 do not differ significantly from those
u(II)–glutamate complexes in solution. However, two se
bservations address the question of how the Cu(II)–gluta
omplexes interact with the alumina surface as a functio
H. The first set is related to the vibrational modes of
mino acid headgroup. The absence of thed-NH3

1 mode and
he shift of thea-carboxylate groupnas to 1596 cm21 are
onsistent with glutamate at the alumina surface compl
ith Cu(II) through the amino acid headgroup. The secon
f observations is related to the vibrational modes of
-carboxylate group.
We were unable to probe the Al(III)–ligand vibration
odes to determine if the glutamate functional groups b
irectly to Al(III) atoms on the surface because these m
re typically weak and broad, and they most probably ove
ith the strong Al(III)–O(OH) vibrational modes of alumin

nstead, information about this interaction must be extra
rom the position and shape of thenas and ns modes of the
-carboxylate group. Extensive discussions in the litera
ave focused on classifying the type of bonding betw
arboxyl groups and metal ions and (hydr)oxide surfaces

1
alysis of FTIR Spectra

-COO2

nas
a

g-COO2

FWHMb

COO2

ns
a

COO2

Dnc

1556 51 1403 153
1559 41 1404 155
1719d N/A e 1408 N/Ae

1560 48 1410 150
1557 42 1409 148
1556 39 1406 150
1554 40 1396 158
1554 66 1407 147
1555 69 1404 151
1551 51 1403 148
1551 45 1403 148
1551 37 1403 148
1553 1415 138
1581 1474 107
1552 1420 132

and symmetric (ns) stretching frequencies.

ed in the text.
LE
An

g

c (nas)

).
crib
.3.
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140 FITTS ET AL.
onodentate, bidentate, and bridging bidentate) based o
osition and separation of thenas andns vibrational modes (Dn)
25–27). Persson and others (28) compared the IR spec
l(III)–acetate solution complexes and acetate at the alum
ater interface. They concluded that acetate forms o
phere complexes on alumina because theDn-values of ad
orbed acetate (132 cm21) and noncomplexed acetate
olution (138 cm21) were not consistent with Al(III)–aceta
omplexes in solution (107 cm21) where an acetate molecu
hemically bonds to the apices of two Al(III) octahedra. In
resent study theg-carboxylateDn-value of Cu(II)–glutamat
omplexes in solution does not change significantly when
omplex is present at the alumina–water interface (Tabl
hese observations suggest that the negatively chargedg-car-
oxylate groups of the predominant type of Cu–glutam
orption complex are not chemically bonded to Al(III) at
urface.
The shapes of theg-carboxylate groupnas mode of Cu(II)–

lutamate complexes at the alumina–water interface are
ared as a function of pH in Fig. 6. Broadening of the stre

ng bands of amine groups in ionic solids (25) and w
olecules at (hydr)oxide–water interfaces (26, 29) has
ttributed to hydrogen-bonding forces. The COO2 ns and the
-COO2 nas modes of Cu–glutamate surface complexes do
ndergo significant systematic changes as a function o

FIG. 5. ATR-FTIR spectra of (a–c) glutamate adsorbed on alumina
unction of pH and (d) glutamate in solution at pH 5.6. The broad featu
719 cm21 is due to the carbonyl stretching frequency.
the

of
–
r-

e
).

e

m-
-
r
en

ot
H.

hereas, the full-width at half-maximum (FWHM) parame
f theg-COO2 nas mode compiled in Table 1 indicate that
roadening of this peak increases significantly for Cu–g
ate surface complexes below pH 7.5. This result is cons
ith a stronger interaction between the negatively cha
arboxylate groups and the positively charged, protonated
ace functional groups with decreasing pH. In addition,
WHM of the same peak above pH 7.5 is consistent with
WHM of theg-carboxylate groups of Cu(II)–glutamate co
lexes in solution. This observation suggests that the int

ion between theg-carboxylate group and the alumina surf
s weaker in alkaline suspensions.

XAFS Spectroscopy

EXAFS spectroscopic measurements should reveal
u(II) directly bonds to the alumina surface by providing
istance between adsorbed Cu(II) and surface Al atoms.
ver, Al atoms in the second or third coordination shell (
3 Å from Cu(II)) do not scatter X-rays strongly. Therefo
vidence for Cu(II) directly bonding to the surface is not ea
xtracted from the EXAFS spectra. To develop the basi
iscerning perturbations in the EXAFS spectra by surfac
toms in the second coordination shell of Cu(II)–glutam
urface complexes we must fully describe the EXAFS of C
nd Cu(II)–glutamate species in solution. The processe
-edge EXAFS spectra of Cu(H2O)6

21 (aq), Cu(Glutamate)2
22

aq), and Cu(II) adsorbed on alumina with and without gl

a
at

FIG. 6. ATR-FTIR spectra of Cu(II)–glutamate complexes in solution
nd adsorbed on alumina (b–f) as a function of pH. Two component pe
f thea-COO2 (solid gray line) andg-COO2 (dashed gray line)nas regions are
lso shown for each spectrum.
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141ADSORPTION OF Cu–GLUTAMATE COMPLEXES ON ALUMINA
ate present are compared in Fig. 7. The Fourier transf
FT) of the EXAFS spectra are shown in Fig. 8, uncorrecte
hase shift, resulting in FT distances approximately 0.
maller than the actual interatomic distances reported in
able of final fit parameters which reports phase-shift corre
istances (Table 2).

Hydrated Cu(II) ion in solution. The EXAFS spectrum o
u21 coordinated to H2O molecules in aqueous solution
ominated by a single oscillation due to backscattering
rst-shell oxygen atoms (Fig. 7a). The resulting FT magni
f this single-scattering path is labeled Cu–Oeq in Fig. 8. The
istance to the first-shell of oxygen atoms (1.976 0.01 Å) is
haracteristic of four equatorial oxygen atoms (Oeq) of a tet-
agonally distorted Cu(H2O)6

21 octahedron, as previously d
ermined by X-ray scattering (30). The two more distant a
xygen atoms are relatively weakly bound to Cu(II) a

herefore, have greater static disorder than Oeq. As a result
hese atoms do not scatter coherently, and their contributi
he fit is insignificant (31). Previous authors have inclu
ingle scattering from Oax and a more distant solvation she
nd multiple scattering between Oeq in fits of EXAFS spectra o
u(H2O)6

21 (aq) (32–34). These previous results and the re
f this study demonstrate that the final fit parameters of the

FIG. 7. Normalized,k3-weighted CuK-edge EXAFS spectra of (a) C
II)–nitrate (aq) pH 4, (b) Cu(glutamate)2

22 (aq) pH 7.5, and Cu(II) complex
t the alumina surface (c–f) in the presence of glutamate as a funct
uspension pH (4.5, 5.5, 8.5, 9.5) and (g) in the absence of glutamate at p
nd (h) Cu(OH)2 model compound.
eq
s
r

Å
he
d

e

l
,

to
d

lts

hell are not sensitive to single and multiple scattering by t
ore distant, disordered shells.

Cu(II)–glutamate complexes in solution.The EXAFS
pectrum and FT possess additional structure when Cu(
ate)2

22 is the dominant species in solution (Figs. 7b and
he Fourier transform components of the atom shells used

he EXAFS spectrum of this complex are shown in Fig
elative to aqueous Cu(II) ions, the shorter average distan
rst-shell equatorial atoms (1.946 0.01 Å) is a result o
tronger bonding between Cu and O(N) atoms of glutam
he coordination number of the first-shell is consistent wi

etragonally distorted coordination sphere around Cu(II),
nce again, inclusion of Oax does not improve or influence t
t results. The second-shell of atoms was fit with a sin
cattering path to carbon atoms of the two five-member ch
ings (Cu–C in Figs. 1 and 8). The first-shell bond length,
oordination number, and the distance to second-shell ca
toms are consistent with Cu(II) bonding to thea-amino and
-carboxylate functional groups of two glutamate molec

hrough equatorial bonds. The rigidity of this complex in
quatorial plane enhances the FT magnitude of the third-

eature.

FIG. 8. Fourier transforms of the processed CuK-edge EXAFS spectra
a) Cu(II) in solution at pH 4, (b) Cu(glutamate)2

22 in solution at pH 7.5, Cu(II
omplexes at the alumina surface (c–f) in the presence of glutamate
unction of suspension pH (4.5, 5.5, 8.5, 9.5), (g) in the absence of glut
t pH 5.5, and (h) Cu(OH)model compound.

of
.5,
2
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The majority of the amplitude of the third-shell feature w
t with single-scattering from nonbonded (i.e., distal) oxy
toms in thea-carboxylate groups (Cu–Od in Figs. 1 and 8)
dditional FT magnitude in the third-shell was fit with the t
roups of multiple scattering paths labeled MS1 and MS

TAB
Results of Quantitative A

Sample pH
N

path
R

(Å)
s2

(Å2)
N

path
R

(Å)
s2

(Å2)
N

path

u–Glu/Al2O3 Cu–Oeq 60.01a Cu–C 60.02 Cu–
4.5 4b 1.96 0.004 3.8 2.81 0.008c 1.9
5.5 4 1.96 0.004 3.7 2.81 2
7.5 4 1.95 0.004 2.4 2.81 1
8.5 4 1.95 0.004 1.7 2.80 1
9.5 4 1.95 0.005 1.8 2.80 1

Cu(Glu)2]
22 aq 4 1.94 0.004 4.1 2.80 0.008

Cu(H2O)6]
21 aq 4 1.97 0.005

u/Al2O3
2 Cu–Oeq 60.01 Cu–Al 60.02 Cu–

5.5 4 1.95 0.005 3.7 2.95 0.017
u(OH)2 Cu–Oeq 60.01 Cu–

4f 1.95 0.005 2
RDe 4 1.96 0.005 2

Note.Coordination number (N), interatomic distance (R), Debye–Waller d
re listed for shells used in each fit. A detailed description of equatori
luminum (Cu–Al), and copper(II) (Cu–Cu) single scattering paths and

a Estimated from least-squares fits of EXAFS spectra; error represen
b First shell coordination numbers were fixed based on fits of referen
c Debye–Waller parameters were fixed in order to compare coordinat
d Parameter values followed by “f” were fixed during fit.
e Data from Ref. (19).

FIG. 9. Fourier transform, overall fit, and individual fit components of
rocessed CuK-edge EXAFS spectra of Cu(glutamate)2

22 complexes in solu
ion at pH 7.5. Individual components correspond to Cu–Oeq, Cu–C, and
u–Od single scattering paths and MS1 and MS2 multiple scattering
hown in Fig. 1.
n

n

ig. 1. MS1 is a group of nearly linear (.160°) three-legge
aths which result from the configuration of thea-carboxylate
roups, and MS2 is a linear path that runs along the equa
onds of the Cu(II)–glutamate complex. The shortened e

orial bonds relative to aqueous Cu(II) and the strength o
ultiple scattering contributions are indicative of a rigid eq

orial plane in the Cu(glutamate)2
22 complex. These fit resul

rovide a unique fingerprint for Cu(II) bonded to the am
cid headgroup of two glutamate molecules.

Distribution of Type A and Type B ternary surface co
lexes. The amplitudes of the second- and third-shell feat
an be used to estimate the average number of gluta
olecules that complex Cu(II) at the alumina surface.
XAFS spectra and FTs of the two sorption samples eq
rated at pH 4.5 (Figs. 7c and 8c) and 5.5 (Figs. 7d and 8d

ndistinguishable from the spectrum of the Cu(glutamat2
22

olution complex (Figs. 7b and 8b). If the disorder param
s2) for each shell is fixed at the values of the solution c
lex, then the coordination numbers are;10% less than th
olution complex. Although this reduction falls within t
ncertainty of these values (610 to 630%), the consisten
eduction in the coordination numbers could be due to eith
inority Cu(II) surface species complexed to less than
lutamate molecules or increased disorder in the equa
lane of the complex. Nonetheless, the coordination num
re consistent with Cu(II) complexed to two glutamate m
ules on the surface. More importantly, additional structure
o backscattering from Al atoms was not detected in eithe

2
lysis of EXAFS Spectra

R
(Å)

s2

(Å2)
N

path
R

(Å)
s2

(Å2)
N

path
R

(Å)
s2

(Å2)
DE0

(eV)

60.03 MS1 60.05 Cu–Al 60.04
3.75 0.005c 1.9 4.11 0.01c 26.8

3.78 1.8 4.13 26.9
3.80 1f 4.1f 26.6
3.77 1f 4.1f 1.2 3.49 0.0126.8
3.75 1f 4.1f 1.1 3.48 0.0126.3
3.73 2.3 4.14 0.006 27.0

60.03 Cu–Cu 60.03 Cu–Cu 60.03
2.95fd 0.024 2f 3.3f 0.02 1.4 5.79 0.007212

60.01 Cu–Cu 60.03 Cu–Cu 60.02
2.96 0.006 4f 3.35 0.027 3f 5.76 0.0127.2
2.95 4 3.34 6 5.68

der parameter (s2), and spectrum energy shift relative to FEFF reference (DE0)
xygen (Cu–Oeq), chelate carbon (Cu–C), nonbondeda-carboxyl oxygen (Cu–Od),
ar multiple scattering (MS1) paths are provided in the text.
5% confidence interval, 2s.

aqueous species and known compounds; see discussion in text.
numbers; see discussion in text.
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143ADSORPTION OF Cu–GLUTAMATE COMPLEXES ON ALUMINA
hese EXAFS spectra (discussed below). This result sug
hat the Cu(glutamate)2

22 surface complex is a Type B terna
omplex in acidic suspensions, which is consistent with F
ata.
The amplitudes of the second- and third-shell features i

XAFS spectra of Cu(II)–glutamate surface complexes
rease uniformly above pH 7.0. Once again, the ampli
eduction could be a result of an increase in the distortion o
urface bound Cu(II)–glutamate complexes. However,
agnitude of the reduction suggests that a significant am
f surface bound Cu(II) is no longer complexed to two gl
ate molecules. Above pH 7.5, the second- and third-

oordination numbers are half the value of those in the
glutamate)2

22 complex. This result is consistent with a 1-to
u(II)–glutamate surface complex or a distribution of unc
lexed and complexed Cu(II) sorption complexes. Becau

he reduced positive charge on the alumina surface in alk
uspensions and the FTIR results, which suggest that th
eraction between theg-carboxylate group and the alumi
urface is weaker in alkaline suspensions, the predom
omplex in alkaline suspensions likely interacts with the
ace through Cu(II), forming a Type A ternary complex.

The X-ray absorption near-edge structure (XANES) spe
egion can provide additional evidence for a change from T

to Type A interaction with increasing pH. The CuK-edge
ANES spectra, corrected for background and normalize
aximum absorption (white line), are shown in Fig. 1
ifferences between XANES spectra are often more disc
ble in the second derivatives of the spectra, which are s

n Fig. 10B. A fundamental understanding of features in
ANES spectra is not well developed in such complex

ems; therefore, a discussion of the structural significanc
ndividual features is not presented. However, a qualita
omparison of the features shown in Fig. 10 provides evid
or changes in the coordination environment of surface-bo
u(II).
The pre-edge feature (p) is not present in the spectru

queous Cu(H2O)6
21, and a single peak at 8997 eV (Fig. 1

efines the white line (w) of this species. When complexe
wo glutamate molecules in solution and at the alumina su
he white line splits into two peaks (w9 and w0) (Figs. 10a–
0c). The magnitude of both features diminishes above pH
nd the white line is broad at pH 8.5 and 9.5 in the pres
nd absence of glutamate on the alumina surface (Figs.
0f). An additional feature (a) is present in the spectrum
u(II) adsorbed on alumina in the absence of glutamate
0f). This feature emerges only in the XANES spectra
u(II) adsorbed on alumina in the presence of glutamate a
H 7.5 (Figs. 10d and 10e). Therefore, above pH 7.5
ANES spectra of Cu(II) surface complexes in the presenc
lutamate share spectral characteristics of both Cu(II)–g
ate complexes in solution and Cu(II) chemisorbed to
lumina surface in the absence of glutamate.
In the absence of glutamate, especially in alkaline sus
sts

R

e
-
e
e
e
nt
-
ll
-

-
of
ne
in-

nt
r-

al
e

to
.
n-
n

e
-
of
e
ce
d

of

to
ce

.5,
ce
d–
f
g.
f
ve
e
of
a-
e

n-

ions, Cu(II) ions may be removed from solution by polym
zation or precipitation reactions occurring in solution or at
lumina surface. As the suspension pH increases, hydroly
u(II) ions will eventually lead to the formation of surfa
pecies that incorporate additional Cu(II) ions (i.e., hom
eous polymers or precipitates) or Cu(II) and Al(III) ions (i
ixed metal precipitates). In a recent study of Cu(II) remo

FIG. 10. (A) Background subtracted and normalized XANES spectra
B) second derivatives of the XANES spectra of (a) Cu(glutamate)2

22 complex
n solution at pH 7.5, Cu(II) complexes at the alumina surface (b–e) i
resence of glutamate as a function of suspension pH (4.5, 5.5, 8.5, 9.
f) in the absence of glutamate at pH 5.5, and (g) Cu(II)–nitrate solution
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rom solution by uptake on amorphous aluminum hydroxi
arthikeyan and others (35) found evidence for mixed m
recipitate formation (e.g., CuAl2O4 or a mixed cation hydrox

de). These types of mixed cation precipitates have been s
o form as Al(III) ions are released from the hydroxide ph
36–38). The solubility of Cu(II) in the presence of am
cids is significantly increased in near-neutral and alka
olutions (39), and, therefore, it was unlikely that any of
uspensions were saturated with respect to oxides, hydro
arbonates, and basic salts of Cu(II) (40, 41). However
ossible occurrence of precipitates or polymer species i
orption samples was evaluated with EXAFS spectrosc
he presence of either Cu(OH)2-like or CuAl2O4 precipitates
ay be identified by features in the EXAFS spectra and FT

he sorption samples. For example, the spectrum of
u(OH)2 model compound has distinct features arising prim

ly from a mixed second-shell and a third-shell of neighbo
u(II) ions at distances of 2.96 Å and 3.35 and 5.76

espectively (Figs. 7h and 8h). The spectrum of a sorp
ample prepared in the absence of glutamate at pH 5.5 (Fi
nd 8g) contains a shell of Cu-neighbors at 5.79 Å (corre

or phase shift), which indicates that Cu(II) polymers or p
ipitates are present in the sample. Further analysis indi
hat this spectrum is likely a combination of Cu(OH)2-like
olymers or precipitates and Cu(II) sorption species on
lumina surface (see Table 2). Cheah and others (42) obs
imeric Cu(II) sorption on an amorphous silica surface. Un

he spectrum of higher-order polymers or precipitates w
ontains two distinct Cu shells, the spectrum of Cu(II) dim
pecies contains a single contribution from neighboring
toms at approximately 2.6 Å. In this study, we did not
vidence for Cu(II) neighbors in the EXAFS spectra of sam
repared in the presence of glutamate. Therefore, we as

hat Cu(II) has not precipitated or formed polymers at
lumina surface and that the proposed Type A ternary com

s the dominant surface species in alkaline suspensions.

Structure of Type A ternary surface complex in alka
uspensions. Based on the distance between Cu(II) in
roposed Type A ternary complex and Al surface atoms
an characterize the type of interaction between the com
nd the surface. If we detect Al atoms within 3.8 Å of Cu, t
u(II) ions must bond directly to Al(O,OH)6 at the surface, an
e can deduce the number and type of surface funct
roups involved. Cheah and others (42) discuss the theor
asis for characterizing inner-sphere Cu(II) surface comp
n alumina based on the distance between Cu and Al atom
etermine if Al scattering contributes to the EXAFS, it
seful to analyze the residual spectrum. In the case of Cu
lutamate surface complexes, the residual spectrum cons

he component(s) remaining after subtracting contribut
rom first-shell atoms (i.e., Cu–Oeq) and more distant atoms
lutamate molecules (i.e., Cu–C, Cu–O, MS1, and MS2). A
d
s,
l

wn
e

e
e
es,
e

he
y.

of
e

r-

,
n
7g
d

-
tes

e
ved
e
h
c
u

s
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e
ex

e
ex
n

al
cal
es
To
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iscrete oscillation was present only in the residual spectru
orption samples prepared at pH 8.5 (Fig. 11) and 9.5.
The residual spectrum for Cu(II)–glutamate sorbed on
ina at pH 8.5 and the theoretical contribution from a she
1 atoms at 3.5 Å are compared in Fig. 11. In a glutamate
u–alumina sample, Cheah and others (42) found Al atom
.83 Å from Cu(II) and concluded that Cu(II) forms either o
ond with a singly coordinated surface oxygen atom (cor
haring monodentate complex) or two bonds with a si
lO6 octahedron (edge-sharing bidentate complex) at the
ina surface. In the presence of glutamate (this study)

onger Cu–Al distance (3.5 Å) is consistent with eithe
orner-sharing monodentate or a bridging bidentate (i.e., b
ng to two singly coordinated oxygen atoms of neighbo
lO6 octahedra) inner-sphere complex. McBride and ot

43) proposed that Cu(II) ions form bridging bidentate c
lexes on the gibbsite surface. Below pH 7.5 where the 1
u(II)–glutamate complex is the dominant surface spe
ontributions from glutamate are the only components ev
n the EXAFS spectra, indicating that Type A complexes
ot present in significant numbers relative to the Typ
omplex.

urface Complexation Reactions

Based on the macroscopic and spectroscopic results
ented above, the dominant modes of Cu(II) uptake on alu
n the presence of glutamate between pH 4 and 9.5 ma
epresented with two types of surface reactions. The pre
nant reaction at high pH involves a direct bond between C
nd the oxide surface (i.e., Type A ternary complex).
XAFS and FTIR results suggest that the amino acid h
roup of a single glutamate molecule occupies two equa

FIG. 11. Theoretical contribution from a single A1 shell overlaid on
esidual EXAFS spectrum of Cu(II) surface complexes at pH 8.5 after
racting contributions from equatorial atoms and a single glutamate mol
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145ADSORPTION OF Cu–GLUTAMATE COMPLEXES ON ALUMINA
onds of Cu(II) in this complex. Because the predomin
omplex in solution is Cu(glutamate)2

22, the reaction can b
ritten as follows:

Al surf~OH! 1 @Cu~Glu!2~H2O!2#
22 1 ~2 2 x!H2O

5 @~AlsurfO)x 2 Cu(Glu)(H2O!42x#
2x 1 HGlu12

1 ~ x 2 1!H1. [1]

he EXAFS results, which are consistent with Cu(II) form
onodentate or bridging bidentate surface complexes, lim

aluex to either one or two. The spectroscopic results do
rovide any direct information about the release of pro

rom this reaction. However, derivation of a conditional
ility constant for this reaction should be further constraine
onsidering the predominance of this surface complex in
ine suspensions.

In contrast, the Cu(glutamate)2
22 complex is the dominan

urface species in acidic suspensions where the aqueous
on and the Cu(glutamate)0 complex are the dominant soluti
pecies. A similar phenomenon has been observed at p
ilicate surfaces in the absence of a complexing ligand, w
he first hydrolysis product of Cu(II) was observed at
urface at a more acidic pH than the equivalent species fo
n solution (43). The FTIR and ionic strength dependent up
esults of the present study suggest that direct chemical b
o not form between this Type B complex and the alum
urface. In addition, there was no evidence in the FTIR sp
or protonation of theg-carboxylate groups. Therefore, a sin
ype of complex could be represented by the reaction

Al surf~OH! 1 @Cu~Glu!2~H2O!2#
22 1 xH1

5 xAlsurf~OH2!
1 · · · @~Glu!2Cu~H2O!2#

22, [2]

here “. . .” represents a relatively weak, perhaps outer-sph
nteraction. The ionic strength-dependent uptake suggest
lectrostatic forces may contribute significantly to the stab
f this species. However, broadening of thenas vibrational
ode in the FTIR spectra demonstrates that the elect
nvironment of theg-carboxylate group is perturbed by t
lumina surface, suggesting that the enhanced uptake
imply caused by a concentration of this species in the ele
ouble layer. Furthermore, two previous studies were unab
ccount for the stability of similar carboxylate–surface in
ctions with electrostatic forces alone (44, 28). Hydro
onding between hydrophilic, negatively charged carbox
roups and water molecules in solution is expected. There
hydration shell between the complex and the alumina su
r Al(OH) surface functional groups may form hydrog
ond(s) with theg-carboxylate group and contribute to
tability of this Type B surface complex. In addition, hydro
onding through the nonbonded oxygen atoms of thea-car-
oxylate groups is observed in metal–amino acid salts
t

e
t
s
-
y
a-

(II)

lo-
re

ed
e
ds
a
ra

e,
hat
y

ic

not
ric
to
-
n
te
re,
ce

),

nd may also contribute to the stability of this complex. T
ype of hydrogen bonding has been implicated as the dom
ontribution to the stability of Pb-EDTA complexes at Fe-
l–(hydr)oxide surfaces (45).
The proposed outer-sphere Type B interaction has addit

mplications for surface complexation models. First, the up
f this complex should depend only on one conditional stab
onstant and the protonation reactions of surface funct
roups. Second, the sorption capacity of the alumina su
ill strongly depend on how many surface sites this com
ccupies. Intermolecular interactions (i.e., hydrogen bond
ombined with nonspecific binding to the hydroxide surf
ould greatly increase the alumina surface’s capacity for C
nd glutamate uptake in acidic suspensions.
We can combine reactions [1] and [2] to help determin

he reaction scheme is consistent with the macroscopic o
ations of Cu(II) uptake as a function of pH and rela
oncentration of glutamate in solution. According to reac
3],

Al surf~OH2!
1 · · · @~Glu!2Cu~H2O!2#

22 1 ~2 2 x!H2O

5 @~AlsurfO!x 2 Cu~Glu!~H2O!42x#
2x 1 HGlu12

1 ~2x 2 1!H1 [3]

he addition of protons to an equilibrated suspension
ecreasing pH) will drive the formation of the proposed T
ternary complex. This pH dependence is consistent with

pectroscopic results. Furthermore, additional glutamate
xed pH, will drive the proposed Type A complex off of t
lumina surface as described by reaction [2]. Although
ropose that only two ternary surface complexes are nece

or modeling Cu(II) and glutamate uptake in this system,
roposed interactions between the ternary complexes an
lumina surface have important implications for other me
isms of Cu(II) uptake in this system and more comp
atural systems.

mplications for Enhanced Dissolution and Precipitate
Formation

The potential for an increase in the activity of Al31 in soils
s a result of enhanced dissolution and subsequent com
tion with soluble organic molecules may have toxic effect
lants and biota (46). Biberet al.(47) proposed that dissolutio
ates of (hydr)oxides in the presence of organic ligands de
n how a ligand interacts with the (hydr)oxide surface. S
ifically, they found that Al31 release increased with decre
ng size of the chelate ring formed between the adsor
rganic ligand and Al atoms at the (hydr)oxide surface. L
ig et al. (8) went further and predicted ligand-promo
issolution rates of (hydr)oxides from the stability constan

he (hydr)oxide cation–organic complexes in solution. T
ound that dissolution rates increased with the numbe
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rganic functional groups bonded to surface cations. An
anced rate of alumina dissolution by the mechanism discu
bove is not likely in this system because we observe
irect bonding between glutamate and the alumina sur
owever, glutamate could indirectly enhance proton-prom
issolution by decreasing the repulsive positive charge o
lumina surface. The concentration of Al31 in solution may
lso affect the activity of Cu(II) ions in metal–(hydr)oxi
uspensions.
The reduced activity of metal(II) cations as a result
ixed-metal precipitate formation has received much atte

ecently (48, 38, 37). Karthikeyanet al. (35) found that th
emoval efficiency of Cu(II) in the presence of Al-hydroxid
ncreased with increasing solubility of the starting hydrox
hase. The absence of Cu(II) polymerization or ordered
ipitation in alumina suspensions with glutamate present
esult from reduced activity of Al31 and Cu21 ions due to
lutamate complexation in solution and at the alumina sur
herefore, a fundamental understanding of how organic f

ional groups interact with (hydr)oxide surfaces and disso
etal ions is crucial when considering the wide range
rocesses responsible for Cu(II) cycling in aqueous env
ents.

omparison with Natural Organic Matter (NOM)

Davis (10) derived an apparent stability constant for Cu
OM ternary complexes from titration data and employe
urface complexation model to describe Cu(II) uptake
-Al 2O3 in the presence of NOM. The uptake behavior
u(II) in the presence of NOM in this system is strikin
imilar to Cu(II) uptake behavior in the presence of glutam
pecifically, the pH dependence of Cu(II) uptake in the p
nce of NOM is the same as in the presence of glutama
nhanced in acidic suspensions and inhibited in alkaline
ensions (10). In addition, increasing the amount of N
elative to Cu(II) in solution at a constant alumina concen
ion further inhibited Cu(II) uptake in alkaline suspensio
inally, Davis also concluded that the alumina surface
reases the stability of Cu(II)–organic complexes relativ
he same complexes in solution. These similarities sugges
lutamate functionality successfully mimics the dual funct
lity of NOM, namely, simultaneously interacting with Cu(
nd the mineral surface.
Spectroscopic studies of Cu(II)–NOM complexation h

evealed that amino acid functional groups of NOM may p
significant role in complexing Cu(II) ions in natural syste
ased on results of an ESR study, Senesi (49) propose
u(II) is complexed by either four oxygen atoms or t
xygen and nitrogen atoms (i.e., two amino acid headgro

n a fulvic acid. In another study, EXAFS spectroscopy
sed to characterize the coordination environments of C
omplexed to a fulvic acid, humic acid, and soil extrac
umic (50). Single scattering from four carbon atoms at 3.0
n-
ed
o
e.
d
e

f
n
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y

e.
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d
f
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n
f
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.16 Å was observed in all three samples and is consisten
he five-member chelate formed when Cu(II) is complexe
n amino acid headgroup. Furthermore, the features in
ourier transform of the soil extracted humic substance, w
ontained the most nitrogen (2.5 wt%) of the three substa
re nearly identical to the features in the FT of Cu(II)–gl
ate solution complexes.

CONCLUSIONS

EXAFS and FTIR spectroscopic results indicate that
ypes of Cu(II)–glutamate complexes are present at the
ina–water interface between pH 4 and 9. The distributio

he two complexes is highly pH dependent. In alkaline sus
ions a 1-to-1 Cu(II)–glutamate inner-sphere Type A ter
urface complex is the dominant surface species. A 1
u(II)–glutamate outer-sphere Type B ternary surface c
lex is the predominant surface species in acidic suspen
ased on the spectroscopic results, we propose two su

eactions for modeling ternary Cu(II)–glutamate–alumina
eractions under the solution conditions of this study.

We infer from FTIR spectroscopic results and macrosc
ptake measurements that long-range forces are primari
ponsible for retaining the Type B complex at the alum
ater interface (i.e., outer-sphere complex). FTIR results
est that the nonbonded carboxylate groups interact
trongly with the alumina surface. In addition, competi
etween negatively charged ions and this complex for
lumina surface suggests that electrostatic attraction is a
omponent of the forces responsible for enhanced Cu(II
ake in near-neutral and acidic suspensions. However, h
en bonding to the alumina surface through nonbonding
oxylate oxygen atoms, solvation-shell molecules,
eighboring glutamate functional groups may also contri

o the stability of the surface complex. The influence of th
orces on glutamate molecules in the alumina–water interf
egion is evidenced by suppressed carboxylate protonatio
nhanced complex formation between Cu(II) and glutam
elative to alumina-free suspensions.

Similarities between Cu(II) uptake behavior in the prese
f glutamate and NOM suggest that similar sorption me
isms influence Cu(II) uptake in both systems. This s
emonstrates the need for fundamental investigations of C
ptake in simplified laboratory systems. Furthermore,
ork is an essential step toward isolating the most impo

unctional aspects of more complex natural organic matter
he ultimate goal of predicting metal ion cycling in comp
atural systems.
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